To determine the relation between stenosis anatomy and perfusion in man, 31 patients had quantitative coronary arteriography and positron imaging (PET) with Rb-82 or N-13 ammonia at rest and after dipyridamole-handgrip stress. 10 patients were also studied after angioplasty (total stenoses = 41). Percent narrowing and absolute cross-sectional luminal area were related through a quadratic function to myocardial perfusion reserve determined with PET. Arteriographically determined coronary flow reserve was linearly related to relative myocardial perfusion reserve as expected, based on the derivation of equations for stenosis flow reserve. All of the correlations had considerable scatter, indicating that no single measurement derived by coronary arteriography was a good indicator of perfusion reserve by PET in individual patients. This study provides the relation between all anatomic dimensions of coronary artery stenoses and myocardial perfusion reserve in man, and suggests that PET indicates the functional significance of coronary artery stenoses for clinical purposes.
Introduction
Coronary arteriography is the current "gold standard" for evaluating the significance of coronary artery lesions usually expressed in terms of percent diameter stenosis (%D).' However, this approach is limited, since other geometric characteristics of the stenosis such as the length and the absolute cross-sectional luminal area ofthe involved segment are not taken into account (1) (2) (3) (4) . Although quantitative coronary arteriography provides objective measures of all ofthese geometric dimensions, no one single anatomic measurement accurately predicts the severity of impaired perfusion. Consequently, Gould et al. proposed the use of coronary flow reserve (CFR) as a physiologic measure of stenosis severity to integrate stenosis dimensions and fluid dynamic principles (5) . This concept has been validated in animals with mechanical stenoses using electromagnetic flow meters on epicardial coronary arteries. Kirkeeide et al. developed the theoretical relation between stenosis dimensions and CFR, as well as validating it in dogs (4). However, these experimental studies did not address the relation between stenosis geometry and tissue perfusion, which may be affected by collaterals and changes in vascular space volume during high flow states; in addition, the relation of stenosis geometry to myocardial perfusion in man has not been previously demonstrated. Mullani has proposed a model relating perfusion and arterial flow reserve (6) . Accordingly, the purpose of the current study was to determine the relation between anatomic measures of stenosis severity and regional myocardial perfusion reserve in man. All stenosis dimensions of length, absolute cross-sectional luminal area, and integrated length effects were determined by automated quantitative analysis ofcoronary arteriograms, and relative myocardial perfusion reserve (RMPR) was determined using positron emission tomography in conjunction with intravenous dipyridamolehandgrip stress in patients with coronary artery disease.
Methods
Patient population. 31 patients (19 men, 12 women) undergoing left heart catheterization and coronary arteriography for evaluation of chest pain, or undergoing an abnormal electrocardiographic stress test, made up the study population (Table I ). In 10 of these patients, (seven men, three women), complete follow-up studies were also performed after percutaneous transluminal coronary angioplasty (total studies = 41, interval between angioplasty and repeat positron scan 12.5±14.4 d). The patients ranged in age from 33 to 70 yr (mean = 51.9±10.0 yr [SD]). None of the patients had left ventricular hypertrophy. Seven patients had a history of a previous transmural infarction. There were no patients with previous subendocardial infarction. All patients were imaged within 3 mo oftheir coronary arteriography and patients with intervening myocardial infarction or a change in angina were excluded from the study. The study protocol was approved by the University of Texas Medical School at Houston Committee for the Protection of Human Subjects, and all patients gave informed consent before entry into the study.
Coronary arteriography was performed using either the Judkins or Sones technique. Multiple coronary angiograms were obtained using 3-10 cc of Hypaque-76 per injection with a biplane 5-or 7-or 9-in. image intensifier (Siemens AG, Erlanger, FRG). The x-ray tube was a model 1 50/40/72c with a 0.6-1.0-mm focal spot operating at 4-6-ms exposures set at 300 mA and 109 kV. Low contrast Vari-Cath cine film was used at 30 to 60 frames per second. Orthogonal views were obtained for quantitative analysis of the angiograms. The cine system resolution was 4 to 5 line pairs per millimeter. Pincushion distortion and variation of magnification in different parts of the field were < 10% except at the corners of the field, but were corrected from measurements of an imaged grid whose dimensions were known (4).
Analysis of coronary angiograms. Stenoses of major proximal cor- CFR,, = 5; Pa = 100 mmHg; Pv = 10 mmHg; and Qn = product of normal cross-sectional lumen area multiplied by 15 cm/s (the assumed normal resting flow velocity). This approach has been previously validated over a range of 1-4±0.5 times normal resting flow (4) . In this paper, percent narrowing and CFR were reported as the most severe stenosis from orthogonal views. Positron imaging protocol. Patients were fasted for at least 4 h before the study and drinks or drugs containing theophylline or caffeine were withheld for at least 8 h to avoid antagonizing the vasodilatory effects of dipyridamole. Chest fluoroscopy was performed to mark the inferior border of the heart and patients were then positioned in the University of Texas positron camera. A transmission scan (200-million counts) was performed using a plexiglass ring containing 3 mCi of Ga-68. The ring was then removed, the patient's position rechecked, and a resting emission scan was obtained by intravenous injection ofeither Rb-82 (n = 7, mean dose 38.9±7.7 mCi at rest and again at stress) orN-13 ammonia (n = 34, mean dose 17.1±1.35 mCi at rest, 16 .9±1.74 mCi at stress) in an ungated mode without time-of-flight correction as previously described (9).
For Rb-82, acquisition of emission images was started 1 min after the end of infusion to minimize blood pool activity. Data acquisition was stopped 5-7 min later. For N-13 ammonia, acquisition of images was started 3 min after injection and continued for 15 min. After an appropriate delay to allow for decay of counts from the resting study, the same tracer was injected during stress induced by dipyridamole plus handgrip stress (Table II) . Patients were given a 0.142-mg/kg per min intravenous infusion of dipyridamole for 4 min (total dose, 0.568 mg/kg). The intravenous line was then flushed with normal saline and electrocardiograms were recorded. 4 min after the dipyridamole infusion was completed, handgrip was performed by the patient using a mechanical spring device at 25% of maximal strength and maintained for 4 min. 2 min into handgrip, the tracer was injected and emission images were acquired in a manner identical to the resting study. Particular attention was paid to positioning of the patient in the same location as in the rest scan. All patients were able to complete the protocol.
Analysis ofpositron images. Nine transaxial slices of the rest and stress studies were displayed in color on a computer remote terminal monitor. Regions of interest in the lateral, anterior, septal, and posterior left ventricular walls were defined using an interactive software program that recorded the mean activity, number of pixels, and standard deviation of the activity. A histogram of the activity in each region of interest was also obtained to minimize inclusion of admixtures of normal and abnormal tissue. Mean activity in each region had a standard deviation under 10% of mean activity for that region. If a stress defect was present, it was quantified for each slice on which it was evident. Regions with resting defects or regional wall motion abnormalities were not included in the analyses.
Average activity for each region was calculated for resting and stress images. RMPR by positron tomography was calculated by the following equation: RMPR = (S/R stenosis)/(S/R normal), where S and R represent regional activity during stress (dipyridamole plus handgrip) and rest, respectively. This value, therefore, represents the fraction of normal myocardial perfusion reserve within the region supplied by the stenotic artery. Although not an absolute measure of perfusion reserve per se, this approach avoids the necessity ofobtaining arterial samples to measure patients of the 31 studied had double vessel disease, and one patient had triple vessel disease (Table IV) . Relation between coronary anatomy and RMPR. Coronary stenoses with a percent diameter narrowing of 50% or greater were associated with a reduction in RMPR (Fig. 1) . As the stenosis became tighter RMPR fell, but there was considerable scatter from the mean curve relating the two parameters. The relation A, preangioplasty; Min A, minimal cross-sectional lumen area (millimeters); B, postangioplasty study; Coll, presence of collaterals; DIAG, diagonal coronary artery; LAD, LAD coronary artery; LCX, LCX coronary artery. The artery listed represents data from the most severe stenosis. Segment refers to the region of the artery analyzed. between RMPR and percent area stenosis (%A) was similar (Fig.  2) . RMPR was near normal until the luminal area reduction approached 70% or greater, and then decreased. Fig. 3 A plots the relation of absolute minimal cross-sectional area ofthe stenosis and RMPR for all 41 studies analyzed. A minimal crosssectional area of> 3.0 mm2 was associated with normal perfusion reserve, whereas values lower than this area did not allow separation of normal from abnormal perfusion reserve. Part of the scatter observed is probably related to expected differences in normal lumen size for different arteries and segments. In Fig. 3 B, minimal cross-sectional lumen area from the 15 studies of proximal LAD coronary arteries is plotted against relative perfusion reserve with a much better fit than for all artery segments (r = 0.84). The relations between relative perfusion reserve and absolute or relative percent narrowing were flat, and then sharply curvilinear beyond a certain advanced degree of anatomic severity. In contrast, CFR correlated linearly with RMPR by positron imaging (Fig. 4) . whereas CFR is a more generally applicable measure ofperfusion, since it includes all stenosis dimensions in its estimate.
Discussion
Until the current study, the relation between geometric dimensions of coronary artery stenoses and myocardial perfusion reserve had not been determined in man. The results indicate that both %D and %A are important determinants of regional myo- The correlation between myocardial perfusion reserve and arteriographically determined coronary stenosis flow reserve, integrating all stenosis dimensions, was linear. These results agree with animal studies demonstrating a close relation between arteriographic coronary stenosis flow reserve and arterial flow reserve directly measured using electromagnetic flow probes (4).
However, in patients, the effects of collaterals, perfusion pressure, vasomotor tone, and changes in the size of the vascular bed during coronary arteriolar vasodilation are potentially confounding problems adding to data scatter, but that are accounted for by direct perfusion imaging with positron emission tomography.
Limitations of the study
It is important to examine potential limitations in the assessment of perfusion with positron emission tomography. Positron-emitting radiotracers have decay characteristics that permit quantification of regional myocardial activity in vivo (12). Regional myocardial perfusion can be estimated using N-13 ammonia or Rb-82 by direct measurement of tracer uptake (13) (14) (15) (16) . Schelbert et al. have previously demonstrated that uptake ofN-13 ammonia is linearly related to perfusion determined by radioactive microspheres from 0.5 to 3.0 times normal resting flow (13) . However, at higher flow rates, ammonia uptake plateaus and therefore underestimates perfusion. This plateauing of uptake is due to a fall in extraction fraction at high flows.
A decreased extraction fraction during hyperemia produces similar effects on Rb-82 uptake in relation to perfusion (15) (16) (17) . This underestimation oftrue flow at high flows probably results in stenoses having to be more severe before a reduction in RMPR is observed by positron imaging (PET). Consequently, if quantitative flows could be measured by correcting for the reduced extraction at high flows, even milder, and therefore earlier, stenoses could be identified. Other limitations of positron imaging include partial volume errors and cardiac motion (12). In this study, RMPR was determined at rest and after dipyridamolehandgrip stress using the same regions of interest, an approach that minimizes these potential sources of error.
Another potential source of error on the assessment of regional myocardial perfusion reserve is in patients with proximal three-vessel disease. The tomographic images available for analysis consisted of 4 to 6 slices that encompass the entire myocardium. Each slice contained an anterior, lateral, and septal region, and on distal slices a posterior region as well. In all patients studied thus far, there has been at least one region supplied by a normal proximal vessel. However, in a patient with proximal stenoses of all three coronary arteries, the measurement of RMPR by positron imaging may be in error. Since the majority of the patients had single-vessel coronary disease, additional studies are necessary before this approach can be extended to patients with multivessel disease.
Implications
Coronary arteriography is an important part of the evaluation of patients with coronary artery disease, but only provides indirect measures of myocardial perfusion. No 
